ABSTRACT
Introduction
Pearl millet, a lesser known and underutilized crop can be grown at low maintenance cost, is relatively a cheaper source of nutrients and staple for population below poverty line for economic reasons. It has the distinct advantage of being a drought-resistant crop and hence acts as a principle source of energy, protein, fat and minerals for poor people living in these regions. However, it has some limitations, due to the presence of antinutritional factors such as phytate, tannins and dietary fibre. These compounds are known to interfere with mineral bioavailability, carbohydrate and protein digestibility [1] [2] [3] .
Protein digestibility is essentially a measure of the susceptibility of protein to proteolysis. A protein with high digestibility is potentially of better nutritional value than one with low digestibility because it provides more amino acids for absorption on proteolysis. Exogenous (interaction of proteins with non-protein components like polyphenols, non-starch polysaccharides, starch, tannins, dietary fibre, phytates and lipids.) and endogenous factors (changes within the proteins themselves) contribute to poor digestibility of proteins. During the process of milling and cooking, proteins may interact with non-protein components and the proteins themselves thereby affecting their digestibility [4] . Studies have indicated that both dietary fiber and tannins contribute to lower nutritional value of dietary proteins with soluble dietary fiber playing a major role in reducing its in vitro digestibility. In beans, soluble dietary fiber seems to play a more important role than insoluble dietary fiber in reducing protein digestibility [5] .
Fermentation is one of the processes that decreases the level of antinutrients and enhance protein digestibility thereby improving protein quality and availability in pearl millet and sorghum varieties [6, 7] . Irradiation has also been shown to be a useful processing method for reducing the antinutritional compounds and therefore, improving protein digestibility of sorghum grain. This improvement occurred due to modification in protein structure; as a result, more peptide bonds were exposed to hydrolysis [8, 9] .
The protein digestibility of pearl millet is low and hence there is a growing importance on the enhancement of protein digestibility which can be achieved by the means of traditional processing methods. Food uses of pearl millet are usually traditional and the methods of processing may involve boiling, pressure cooking, roasting or can be served raw after sprouting in the form of salads. Information on the effect of these simple processing methods on dietary fiber, tannins and protein digestibility in pearl millet appears to be lacking. Also in view of the fact that both dietary fiber and tannins contributed to lower protein digestibility because of its heat-stable nature are believed to participate in lowering the nutritional value of bean proteins [5] an attempt was made to find out if dietary fiber and tannins present in the millet are interfering with protein digestibility.
Hence the present study was carried out to analyze the effect of these cost effective processing treatment on the levels of dietary fiber, tannins and their impact on in vitro protein digestibility of the two commercial pearl millet varieties.
Material and Methods
Two commercially available Pearl millet varieties namely 'Kalukombu' (K) and Maharashtra Rabi Bajra (MRB) were procured from the local market of Mysore, India for the study.
'Kalukombu' (K) is a native variety traditionally grown by farmers in India (Karnataka, Tamilnadu and Maharashtra). This variety is not improved by the modern plant breeding system. It is considered nutritionally very superior by the local people and is used as food crop to make roti, dumpling and chapattis. The seeds of Kalukombu are small and elongated with persisting glumes/husk.
'Maharashtra Rabi Bajra' (MRB) is a commercially grown hybrid developed by the modern improved plant breeding technique by a commercial seed company. It is basically a winter crop. The seeds are grey/slate coloured, bold and round shaped without a persisting glumes/husk [10] .
Processing of Pearl Millet

Milling
The cleaned grains were pulverized using a plate mill to obtain whole flour (WF). A part of the whole flour was further sieved through a 44 mesh sieve (BSS). The '+' fraction was termed as the bran rich fraction (BRF) and the '-' fraction was termed as semi-refined flour (SRF).
Wet and Dry Heat Treatment
Each batch of the two commercially available pearl millet varieties was pressure cooked for 10mins (9.8 × 104 Pa) and boiled for 30 minutes respectively. The processed grains were dried in an oven at 50˚C and milled into flour. Each of the millet varieties was roasted in an open pan for 10 -15 minutes at 200˚C and milled into flour.
Germination
Pearl millet varieties were soaked in water overnight. The water was drained and the grains were tied in a moist muslin cloth and left to sprout at room temperature for 72 hr. After sprouting the grains were dried in an oven at 50˚C and milled into whole flour.
These processed millet flours were kept in air tight polythene bags and stored in a cool and dry place until use.
Total Dietary Fiber
Total dietary fibre (TDF) was measured as the sum soluble and insoluble dietary fiber as described by Asp et al. [11] .
Tannin Content
Tannin content in the samples was measured using the method described by AOAC [12] .
In-Vitro Protein Digestibility
In-vitro protein digestibility was estimated by enzymatic method of Akeson and Stahmann [13] . Samples were homogenized and suspended in 15 ml of 0.1 N HCl containing 1.5 mg of pepsin and incubated at 37˚C for 3 hr. The suspension was than neutralized with 0.5 N NaOH and treated with 4 mg of pancreatin in 7.5 ml of phosphate buffer (pH 8.0) containing 0.005 M sodium azide. The mixture was gently shaken and incubated at 37˚C for 24 h. After incubation, the sample was treated with 10 ml of 10% TCA and centrifuged at 3000 rpm for 20 min. Protein in the supernatant was estimated by Lowry's method [14] . %IVPD was calculated using the following formula:
Digested proteins %IVPD 100 Total proteins   .
Statistical Analysis
The data was subjected to analysis of variance (ANOVA) test and the differences between the means were compared for their significance (P ≤ 0.05) using SPSS software v.17.
Pearson correlation coefficient was used to evaluate the relationship of in-vitro protein digestibility values with tannin content and dietary fiber content.
Results and Discussion
Effect of Processing on Dietary Fiber Content Equations
The influence of common household processing methods on the dietary fiber composition of pearl millet is depicted in Table 1 . The total dietary fiber content of the whole flour was higher in K variety (13.3%) than MRB variety seeds (11.91%). The partial removal of bran by sieving to obtain semi refined flour retained significant amount of dietary fiber (10.6%-MRB & 9.2%-K). Dehusking has been reported to decrease dietary fiber content in pulses [15] . The bran rich fraction, a byproduct of flour milling contained around 29% of total dietary fiber of which around 1.5% was soluble and 27% was insoluble fraction. By virtue of its high fiber content, the bran rich fraction can be used as a novel source of dietary fiber. Semi refined flour of pearl millet can also be used in bakery products as it will contribute to both the texture and fiber content of the products. From the nutritional point of view, data on dietary fiber content of processed millet is of importance, because millets are never eaten raw. In this study, wet and dry heat treatment of the millets did not considerably change the insoluble and soluble dietary fiber content. Although, boiling, pressure cooking and roasting increased the SDF of MRB variety, the difference was not statistically significant. Changes in dietary fiber composition of processed cereal and pulses have been reported where increase in TDF content could be due to formation of resistant starch [15] . Germination is an inexpensive technique for improveing the nutritional quality of millet seeds. The total dietary fiber content of germinated millet was 9.68% for MRB and 13.4% for K variety seeds. The results indicate that germination did not bring about any significant change in the TDF and its fractions. Studies have indicated that germination has a significant impact on the dietary fiber content. In legumes, germination brought about a significant increase in the dietary fiber content. While another study reported to decreased dietary fiber content due to germination, which could be partly attributed to the conversion of complex carbohydrates into simpler molecules by the action of hydrolyzing enzymes [16, 17] .
Tannins are polyphenolic compounds which bind to proteins, carbohydrates and minerals thereby reducing digestibility of these nutrients [18] . To reduce these harmful effects, traditional processing methods like milling, boiling, pressure cooking, roasting and germination were employed. In this study, pearl millet contained a good amount of tannins which differed between varieties ( Table 2) . Tannin levels in MRB variety seeds was 0.21% while that for K variety seeds was 0.23% tannic acid equivalents. These values were within the range reported for millets [19, 20] . All millets contain phenolic acids, which are located in the pericarp, testa, and aleurone layer [21] . Therefore it was of interest to study the effect of semi refining of pearl millet flour on tannin levels. Semi refining of the millet flour significantly (P ≤ 0.05) lowered the tannin levels for K variety seeds. The bran rich fraction of both varieties retained most of the tannin content (about 0.32%). This increase can be attributed to concentration of tannins in the seed coat of the grain [22] .
Tannin content significantly (P ≤ 0.05) reduced upon wet and dry heat treatments but results varied between the two varieties. A reduction in tannin levels due to boiling and pressure cooking was significant (P ≤ 0.05) in K variety grains. Several possible reasons have been suggested for reduction of tannins during cooking. Losses may result from leaching into cooking water, as tannins readily dissolve in water and alcohol to form colloidal solutions [23] . During processing, tannin binds to molecules like proteins, carbohydrates or minerals making them difficult to extract [18] . Roasting did not influence the tannin levels in both varieties.
Germination has been reported to reduce the tannin content and improve in vitro digestibility of proteins in legumes [24] . In contrast, germination of pearl millet significantly (P ≤ 0.05) increased the tannin content in both varieties (from 0.21% to 0.28% for MRB and 0.23% to 0.36% for K). A study on the effect of germination on tannin content of sorghum revealed that tannin content increased when germinated for different periods (1 -5 days). During germination, a part of the tannins may enter into the endosperm along with the imbibed water and are likely to form complexes with reserve seed protein and hydrolytic enzymes thus inactivating them [20, 25] .
Effect of Processing on in-Vitro Protein Digestibility (IVPD)
Data in Table 3 indicated that protein digestibility of pearl millet was low (45.5% for K and 49.3% for MRB variety). The relatively low protein digestibility may be attributed to the influence of antinutrients such as enzyme Means followed by different letters (a,b,c) in the same column differ significantly (P < 0.05). Means followed by different letters(a,b,c) in the same column differ significantly (P < 0.05).
inhibitors, lectins, phytates, tannins and dietary fiber which inhibits protein digestion and also due to presence of protein structures that resist digestion. Studies have demonstrated that high-tannin sorghum varieties formed indigestible protein-tannin complexes which are a major limiting factor in protein utilization [26] . Even though semi refining effectively reduced the tannin content, it did not alter protein digestibility of the millet. However this was not evident in case of the bran rich fraction of MRB variety. Regardless of the presence of high tannin levels (0.32 g/100g), IVPD was significantly (P ≤ 0.05) higher (about 70%) than that of the whole flour which contained comparatively lower tannin levels (0.21 g/100g). The IVPD of the bran rich fraction of pearl millet was comparable to that of wheat bran (69%) [27] .
Results on the effect of heat treatments like boiling, pressure cooking and roasting on IVPD significantly (P ≤ 0.05) varied between the two varieties. Wet heat treatments (boiling & pressure cooking) did not improve the protein digestibility of the millet. These results are in agreement with earlier reports on some cereals and legumes. Protein cross-linking mainly through disulphide bonding and reduced protein extractability in cooked samples appears to be the most important factor affecting protein digestibility in cooked cereals [28] [29] [30] . In contrast, cooking improved IVPD of foxtail, finger and common millet [31] . Nevertheless, roasting markedly improved IVPD of pearl millet from 45.5% to 65.8% for K variety and 49.3% to 75.4% for MRB variety suggesting that dry heat treatment is more effective in improving protein digestibility than wet heat treatment. The improvement caused by heat treatment may be due to protein denaturation and/or decreasing resistance of protein to enzyme attack [32] .
Germination significantly (P ≤ 0.05) increased the protein digestibility of both varieties compared to the un-germinated millet (from 45.5% to 88.2% for K variety and 49.3% to 78.9% for MRB variety). These findings are in agreement with an earlier study on pearl millet [33] . In this study, the increased tannin content due to germination did not negatively affect IVPD. The increase in IVPD can be attributed to an increase in soluble proteins, due to partial hydrolysis of storage proteins by endogenous proteases produced during the germination process. Such partially hydrolyzed storage proteins may be more easily available for pepsin digestion [34] .
Tannins and dietary fiber are well known for their ability to bind and precipitate protein. A correlation study was carried out between tannins, TDF, IDF and SDF with %IVPD to ascertain whether IVPD was influenced by these factors ( Table 4) . A positive correlation, was found between % IVPD and tannin content (r = 0.605, p < 0.01). For IDF, SDF and TDF the correlations were positive although not signifycant. In this study, protein digestibility showed a strong association with tannin levels. The low protein digestibility of pearl millet was not due to tannins or dietary fiber content. It could be due to other factors like interaction of proteins with non-protein components and the proteins themselves thereby affecting their digestibility [4] .
Conclusions
Considering the various processing methods employed in this study, it was apparent from the results that roasting and germination improved protein digestibility in pearl millet. In this study the full effect of tannins in reducing protein digestibility was not seen suggesting that tannins were not responsible for low protein digestibility. In conclusion, it is suggested that roasting and germination techniques may be employed to improve the nutritional quality of pearl millet.
Acknowledgements
The first author expresses sincere thanks to CSIR-New Delhi for the award of Senior Research Fellowship.
